To determine the effects of shade on biomass, carbon allocation patterns and photosynthetic response, seedlings of loblolly pine (Pinus taeda L.), white pine (Pinus strobus L.), red maple (Acer rubrum L.), and yellow-poplar (Liriodendron tulipifera L.) were grown without shade or in shade treatments providing a 79 or 89% reduction of full sunlight for two growing seasons.
Introduction
Emphasis on uneven-aged forest stand management has increased the difficulty of obtaining regeneration from shade-intolerant tree species (Smith 1986 ). Efforts to improve regeneration of shade-intolerant species are hampered by a poor understanding of the physiological processes associated with tree survival and growth in understory environments (Daniel et al. 1979, Spurr and Barnes 1980) .
Researchers have identified above-and below-ground components of shade tolerance (Kozlowski et al. 1991) . Several photosynthetic characteristics have been associated with shade-tolerant plants, including higher quantum efficiency and lower respiration rates under low light conditions (Loach 1967 , Teskey and Shrestha 1985 , Walters and Field 1987 . However, most studies of the physiological characteristics associated with shade tolerance have relied on one-time measurements and provide no information about changes in the photosynthetic mechanism that may take place over time.
The objective of this study was to examine the changes in photosynthetic processes, as well as in growth and carbon allocation characteristics, that occur over time in response to shade in four co-occurring Virginia Piedmont tree species differing in shade tolerance. The species used in this study were loblolly pine (Pinus taeda L.) and yellow-poplar (Liriodendron tulipifera L.), both considered shade intolerant, eastern white pine (Pinus strobus L.), an intermediate shade-tolerant species, and red maple (Acer rubrum L.), a shade-tolerant species (Spurr and Barnes 1980) . Because in situ studies of shade tolerance may be affected by water and nutrient uptake by overstory trees (Kozlowski et al. 1991) , shade was provided by artificial means. We specifically investigated the influence of light availability on seedling growth and photosynthetic processes.
Methods
The study was conducted in an open field at the Reynolds Homestead Forest Resources Research Center in Critz, Virginia. Frames, 2.1 m square and 1.2 m high, were draped with two grades of black polypropylene shade fabric. Light extinction by the shade frames measured with a Li-Cor quantum sensor (Li-Cor, Inc., Lincoln, NE) on a clear day was 79 or 89%. These light extinction values are similar to those encountered under uneven-aged forests in the region. A 30-cm gap was left between the bottom of the shade fabric and the ground to permit free air movement (Loach 1967) . Frames without shade fabric served as controls. Adjacent shade frames were 2.4 m apart to prevent treatment overlap. Shade treatments were replicated four times and arranged in a completely randomized design.
In early May 1993, 1-year-old seedlings of loblolly pine, red maple and yellow-poplar and 2-year-old seedlings of white pine were obtained from the Virginia Department of Forestry and planted in 19-liter (31.8 cm wide and 27.9 cm high) plastic pots containing a 1/1 mixture of A + B horizon of native soil (Wickham Series, Fine-loamy, mixed, thermic Typic Hapludults) (J.A. Burger, Virginia Polytechnic Institute and State University, personal communication) and sand. To maintain a natural temperature regime for roots, pots were buried so that the soil surface inside the pots was at ground level. Each pot was at least 46 cm from the edge of the shade frame. Pots were arranged in each shade frame in a four by four plot with four individuals of each species randomly located within each plot. The seedlings were kept well watered. Shade frames were removed between the first and second growing seasons (midDecember to late March) to prevent snow damage to the frames. Seedling stem height and diameter were measured at the onset of the study. . Cuvette temperature and relative humidity were 31 ± 1 °C and 49 ± 7% for the 1993 measurements and 31 ± 1 °C and 60 ± 6% for the 1994 measurements.
Light-saturated net photosynthesis rates (P max ), dark respiration (R d ) and light compensation point (LCP) were calculated by the following equation and the non-linear regression procedure of the Statistical Analysis System (SAS Institute, Cary, NC):
where P s is net photosynthesis, PPFD is photosynthetic photon flux density and R d is dark respiration (Hanson et al. 1988) . Quantum efficiency (E) was calculated from the initial slope of each curve using the first derivative of the above function with PPFD = LCP (Hanson et al. 1988 ):
Values of LCP, R d , P max and E were determined for each seedling measured and the statistical significance of the effects of the shade treatments was determined for each variable by analysis of variance. Duncan's new multiple range test was used for treatment mean separation within a species. Analyses of biomass and stem dimensions were performed by analysis of variance. Data were transformed when necessary to prevent unequal variance (Gomez and Gomez 1984) . Stem volume index at establishment was calculated based on stem height, basal diameter and the formula for a cone. This index provides a non-destructive estimate of stem biomass and was used as a covariate for analysis of biomass data to eliminate the confounding effects of initial seedling size differences on harvest values. Height and diameter at establishment were used as covariates for analysis of final height and diameter data, respectively.
Differences in allocation patterns between plant organs in response to shade treatments were tested separately for each species. Linear regression equations using natural log (ln) transformed leaf dry weight as the dependent variable and ln-transformed root, stem, or root + stem dry weight as the independent variables were fitted for open-grown and the 79% shade treatment for each species (Causton and Venus 1981) . Similarly, regression equations were constructed to determine the effects of shade on root/shoot ratio with ln-transformed root dry weight as the dependent variable and leaf + stem (shoot) dry weight as the independent variable. An F-test was used to determine the significance of differences between slope (relative organ growth rate) and intercept (initial dry matter investment). This analysis eliminated the confounding influence of treatment-induced differences in plant size on allometric relationships (Eamus and Jarvis 1989, Jones and McLeod 1990) .
Results

Biomass
Compared with open-grown seedlings, the biomass of shadegrown seedlings of all species was decreased (Table 1) . Loblolly pine seedlings exhibited the largest shade-induced reduction in total biomass, with a reduction of 91% in the 89% shade treatment compared with growth reductions of 51, 48 and 47% in white pine, red maple and yellow-poplar, respectively.
Stem height (Table 1) in yellow-poplar increased 34% in seedlings in the 89% shade treatment compared to open-grown seedlings, but was significantly reduced in loblolly pine seedlings in both shade treatments. Stem heights of white pine and red maple seedlings were not affected by the shade treatments. Stem diameter was significantly reduced by shade in all species and the reduction was greatest in loblolly pine where stem diameter in the 89% shade treatment averaged 39% of that in the open-grown treatment.
Shade significantly reduced stem volume index in loblolly pine and white pine, but not in yellow-poplar or red maple ( Table 2 ). The shade-induced reduction in stem volume index of loblolly pine became more pronounced over time in the 89% shade treatment, decreasing from 24% of that of open-grown seedlings in the first growing season to 8% in the second growing season. In white pine, the difference in stem volume index between the two shade treatments was greater in the first growing season than in the second growing season (Table 2) .
Specific leaf area was significantly lower in open-grown seedlings than in shade-grown seedlings of all species during both growing seasons (Table 3) . Differences in specific leaf area of seedlings in the two shade treatments increased during the second growing season in yellow-poplar and decreased in white pine.
Shade-grown red maple allocated a higher proportion of growth to leaves per unit root dry weight (Table 4) . No other species displayed this trend. The shade treatments caused differences in the leaf weight to stem weight ratio in the pine species but not in the hardwood species. Pines allocated pro- portionally more carbon to leaves than stems when grown in shade. Loblolly pine was the only species to have significantly higher allocation to leaf biomass than to stem + root biomass under shaded conditions. The shade treatments had no effect on root/shoot ratio in any species.
Physiological effects
Of the species studied, the shade treatments only affected quantum efficiency (E) in yellow-poplar in the first growing season, when values were 20% higher in the 79% shade treatment and 26% lower in the 89% shade treatment relative to open-grown seedlings (Table 5 ). Shade had no significant effect on E or R d in any of the species in the second growing season. However, in the first growing season, both shade treatments reduced R d in red maple, and the 89% shade treatment significantly decreased R d in yellow-poplar. Shade had no effect on P max in any of the species except in yellow-poplar during the first growing season, when seedlings in the 89% shade treatment had 62 and 44% lower rates than open-grown seedlings and seedlings in the 79% shade treatment, respectively. Light compensation point (LCP) was unaffected by shade treatment during both growing seasons but tended to be higher for all species during the second growing season. The F v /F m ratio increased with increasing shade, averaging 0.65 in open-grown seedlings across species and years versus 0.72 and 0.76 for the 79% and 89% shade treatments, respectively. These differences were significant for white pine during the first growing season and for red maple during both growing seasons, but the differences were not significant for loblolly pine or yellow-poplar during either growing season.
Discussion
The shade-induced reductions in biomass generally reflected recognized differences in shade tolerance among the species, with loblolly pine, the most shade-intolerant species, showing the greatest growth reduction. Yellow-poplar, although considered shade intolerant, did not show a large growth reduction. Rapidly growing seedlings of this species are not uncommon in forest understories; however, they do not survive if the overstory remains intact. Vigorous stem growth under shaded conditions may be an important adaptation allowing yellowpoplar to outcompete other rapidly growing species associated with the high quality sites that this species eventually dominates (Beck 1990 ). The vigorous growth of yellow-poplar under our experimental shade conditions suggests that drought stress or some other factor may be more important than shade as a cause of mortality of this species in the forest understory. Root biomass may be more sensitive to the light environment than leaf or stem biomass (Neufeld 1983 , Gottschalk 1987 . Root growth that is inadequate to sustain aboveground growth is considered to be the eventual cause of seedling death in forest understories (Spurr and Barnes 1980) ; however, this response may only occur in large seedlings. Table 4 . Regression coefficients and coefficients of determination for allometric relations in response to light availability for two-year-old saplings of four Virginia Piedmont tree species. Equations are in the form y = intercept + slope (x). Levels of significance indicate differences between pairs of coefficients in response to light availability. In all species, specific leaf area (SLA) was sensitive to shade and became increasingly so during the second growing season. High SLA at low irradiances may allow seedlings to harvest light more effectively, but it also makes the seedlings more vulnerable to water stress (Loach 1970, Jones and McLeod 1990) . Although an increase in SLA may help to explain how a seedling acclimates to growth in low light, our results suggest that plasticity of this morphological characteristic does little to explain shade tolerance differences among species. Loblolly pine and yellow-poplar, the two species in this study recognized to be the most shade intolerant, showed the greatest plasticity in SLA, suggesting that SLA may be a symptom of growth in shade rather than an acclimation to a low-light environment.
Our observation that shade had no effect on P max in loblolly pine, white pine and red maple is inconsistent with the findings of previous researchers (Loach 1967 , Teskey and Shrestha 1985 , Ellsworth and Reich 1992 , Holmes and Cowling 1993 who reported decreased P max in seedlings grown in shade. However, P max did not differ significantly between shaded and open-grown Rhus lucida L. (Midgley et al. 1992) , amabilis fir (Abies amabilis (Dougl.) Forbes) or western hemlock (Tsuga heterophylla (Raf.) Sarg.) (Mitchell and Arnott 1995) . Reich et al. (1990) and Ellsworth and Reich (1992) have suggested that differences in nutrient availability may underlie these differences.
Lower respiration rates per unit leaf area in shade-grown than in open-grown red maple and yellow-poplar are consistent with previous studies (Loach 1967 , Midgley et al. 1992 .
Red maple, the most shade-tolerant species in our study, had the highest respiration rate under shaded conditions, contrary to the suggestion that shade-tolerant species have lower respiration rates in shade than in full sunlight (Loach 1967) . The finding that shade had no effect on the light compensation point of any of the species studied is consistent with the results of Holmes and Cowling (1993) but is inconsistent with those of Loach (1967) . Our results and those of Midgley et al. (1992) provide evidence that some of the physiological responses widely associated with shade tolerance may be species specific.
Increasing F v /F m ratio with decreasing light availability suggests that quantum yield increases in shade-grown plants (Demmig and Bjorkman 1987) , allowing more efficient energy transfer from light-harvesting chlorophyll to photosystem II. Although not always statistically significant, the increase in F v /F m ratio in all species grown in shade regardless of shade tolerance ranking suggests that photochemical efficiency does not play an adaptive role in the success of these species in shaded conditions. Shade treatments did not affect F v /F m in amabilis fir or western hemlock (Mitchell and Arnott 1995) .
Quantum efficiency and maximum photosynthetic rate decreased between the first and second growing seasons in all species studied except red maple, suggesting that reductions in photosynthetic activity per unit leaf area occur over time. Reduced photosynthetic capacity per unit leaf area in shade-intolerant and intermediate shade-tolerant species may contribute to their eventual failure in the understory. Photosynthetic parameters did not change over time in response to the shade Table 5 . Effects of shade on photosynthetic characteristics of four tree species grown on the Virginia Piedmont for two growing seasons. Measurements were made during September of the first growing season and August of the second growing season. Means within a species for the same growing season followed by the same letter are not significantly different at P < 0.05. ).
treatments, suggesting that photosynthetic acclimation to shade may not be associated with shade tolerance or with changes in shade tolerance over time. We conclude that elucidation of the physiological mechanisms associated with shade tolerance will require a detailed understanding of other environmental factors associated with tree growth in the forest understory, such as water and nutrient availability.
